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Abstract 
 
The present study examined whether travelling through serially-ordered verbal memories exploits 
overt visuospatial attentional resources. In a three-phase behavioral study, five single-digits were 
presented sequentially at one spatial location in phase 1, while recognition and verbal recall were 
tested in phases 2 and 3, respectively. Participants’ spontaneous eye movements were registered 
along with the verbal responses. Results showed that the search and the retrieval of serially-
ordered information were mediated by spontaneous ocular movements. Specifically, recognizing 
middle items of the memorized sequence required longer inspection times and, importantly, a 
greater involvement of overt attentional resources, than recognizing the serially first-presented 
item and, to a lesser extent, the serially last-presented item. Moreover, serial order was found to 
be spatially encoded from left-to-right, as eye position during vocal responses deviated the more to 
the right, the later the serial position of the retrieved item in the sequence. These findings suggest 
that overt spatial attention mediates the scanning of serial order representation. 
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1. Introduction 
 
People’s ability to maintain and recall the order of events or elements in a sequence is a key 
function of working memory (WM) (Baddeley, 1992; Lashley, 1951). Among others, this capacity is 
fundamental to comprehension, learning, and reasoning (Baddeley, 2012). Given its importance in 
human cognition, over the past years different models have been dedicated to account for memory 
for serial order. In particular, according to a predominant class of models (i.e., position marking 
models) the serial order within WM would follow from the pairing of items with some external 
representation of their location within the sequence (e.g., Brown, Preece & Hulme, 2000; Henson, 
1998b), rather than from a mere pairing between the items themselves (e.g., Lewandowsky & 
Murdock, 1989). In the wake of the position marking models, Abrahamse and colleagues 
(Abrahamse, van Dijck, Majerus & Fias, 2014) recently claimed that serial order would be grounded 
on the spatial attention system. More specifically, the position of ordered elements to be 
remembered would be translated into internal spatial coordinates and, thus, into a spatial 
representation (Abrahamse et al., 2014). Importantly, the manipulation of this serial order 
representation would engage spatial attention resources and, in turn, retrieval of memorized items 
would  result from a selection operated by spatial attention mechanisms (Abrahamse et al., 2014). 
According to this hypothesis, recent evidence has shown that serially-ordered verbal 
information is encoded along a spatial dimension (Previtali, de Hevia & Girelli, 2010; van Dijck & Fias, 
2011) and that covert spatial attentional resources are recruited to access to this serial order 
representation (van Dijck, Abrahamse, Majerus & Fias, 2013). In particular, short sequences of 
numbers and words serially memorized in WM were found to be associated to space: items 
presented at the beginning of the memorized sequence were responded to faster with the left hand-
side, while items from the end were responded to faster with the right hand-side (van Dijck & Fias, 
2011). Moreover, retrieving an item from an ordered sequence has been shown to be mediated by 
covert spatial attention (van Dijck et al., 2013), since the detection of a visual target appearing in the 
left or in the right side of the space was modulated by the serial position of a previous memorized 
item acting as prime. Specifically, the later the position of an item in the memorized sequence, the 
faster the detection of the target in the right side of the space (van Dijck, Abrahamse, Acar, Ketels  & 
Fias, 2014; van Dijck et al., 2013). The functional involvement of spatial processing in serial order was 
confirmed in a recent study where retrieval was found to be facilitated by visuospatial priming and, 
more specifically, by task-irrelevant exogenous spatial cues (De Belder, Abrahamse, Kerckhof, Fias  & 
van Dijck, 2014).  
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Similar space-time interactions have been also described for overlearned temporal 
information (Ouellet, Santiago, Funes & Lupiánez, 2010; Santiago, Lupáñez, Pérez & Funes, 2007; 
Torralbo, Santiago & Lupiáñez, 2006; Weger & Pratt, 2008), supporting more generally the view that 
temporal order is represented along a spatial continuum. According to these spatio-temporal 
interactions, parietal and frontal cortex largely involved in attention control, participate in memory 
for order information (Koenigs, Barbey, Postle & Grafman, 2009; Marshuetz, 2005; Marshuetz & 
Smith, 2006). A tight connection between space and time, indeed, pervades our daily experience. 
Events occur at a certain time and in a certain spatial context throughout life. As time is less 
graspable than space, temporal concepts are grounded in spatial experience (Torralbo et al., 2006; 
for review see Bonato, Zorzi & Umiltà, 2012). Hence, we frequently borrow from the language of 
space when describing duration ("a short break") or event location ("in the distant past"), and we 
make use of related words to indicate the order of events ("before”) in both spatial and temporal 
contexts.  
However, although attention can move in space covertly, i.e., without eye movements, or 
overtly, with eye movements (Posner, 1980), this distinction has been widely challenged by recent 
findings indicating that also covert attentional processes are tightly linked to oculomotor processes 
(Corbetta, 1998; Corneil & Munoz, 2014; Engbert & Kliegl, 2003). Yet, evidence supporting overt 
spatial attention in mediating between space and serial order is still missing. Indeed, while previous 
studies have shown that covert spatial attention is engaged in accessing the serial representation, 
there is no direct proof of sensorimotor changes in overt orienting during serial processing. This is an 
important omission, since earlier reports already suggested a possible involvement of spontaneous 
oculomotor strategies in the processing of ordered verbal information (Robertson, 1990; Weinberg, 
Diller, Gerstman & Schulman, 1972). In the present study, we therefore hypothesized that the 
scanning of the serial representation would be accompanied by spontaneous eye movements. This 
hypothesis was based on two main observations. First, recent findings have shown that the scanning 
of an internal representation goes along with a concurrent sensorimotor scanning (e.g., Loetscher, 
Bockisch & Brugger, 2008; Loetscher, Bockisch, Nicholls & Brugger, 2010). These studies hark back to 
the general idea that oculomotor processes involved in visual scanning are also crucial for the mental 
scanning of visual images (Hebb, 1968). Second, and more importantly, the left-to-right orientation 
of the serial representation might be grounded on sensorimotor mechanisms and, more specifically, 
on reading and writing practices (Abrahamse et al., 2014). Indeed, oculomotor routines involved in 
both reading and writing would result, through repetition, in a preferential directional scanning of 
the external space (see Rinaldi, Di Luca, Henik & Girelli, 2014). This directional preference would be  
reinforced in Western populations, where reading occurs from left-to-right, by the slight leftward 
bias in visuospatial attention processing (Bowers & Heilman, 1980;  see Abrahamse et al., 2014 and 
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de Hevia, Girelli & Cassia, 2012). On these grounds, we hypothesized that, if serial order is grounded 
on sensorimotor processes, eye movements concurrent to the retrieval of ordered information 
should reflect the internal scanning of its spatial representation.  
To address this issue, we conducted a three-phase study. In the first phase, five random 
digits, i.e., the positive set, presented sequentially at the center of the screen had to be memorized 
in correct order by participants. In the second phase, all digits from 1 to 10 were randomly presented 
twice at the central position and participants had to decide whether a digit, i.e., the probe, was a 
member of the positive set or not (“recognition”). In this phase, we thus adopted a fixed-set 
procedure, with the same positive set that was tested for multiple trials (Sternberg, 1966; 1975). 
Finally, participants repeated the memorized sequence (“recall”). Participants were required to 
respond verbally in both the recognition and the recall phases. Importantly, to investigate the role of 
the oculomotor system in mediating between space and serial order, we measured spontaneous eye 
movements at the onset of the verbal response.  
In the recognition phase, we first predicted that reaction times should vary as a function of 
the item’s serial position in the memorized sequence. Specifically, lower reaction times should 
characterize the recognition of the serially first and last items, showing the presence of a primacy 
and a recency effect, respectively (Corballis, 1967). This hypothesis was based on the assumptions of 
the Start-End Model for serial order (Henson, 1998b), according to which the encoding of order 
information consists in the storage of episodic tokens, that incorporate positional representations in 
a specific spatiotemporal context. More precisely, this positional coding assumes that the first and 
the last items of a sequence are the most salient elements (Henson, 1998b). Accordingly, various 
studies have found faster responses for serially-presented first and last items (e.g., Burrows & Osaka, 
1971; Corballis, 1967; Corballis, Kirby & Miller, 1972). Despite a long-standing debate on the 
presence of primacy and recency effects, contrasting results are widely accounted for by 
methodological differences (see Sternberg, 1969; see also McElree & Dosher, 1989). 
Second, and critically, if overt spatial attention mediates the search and the retrieval of 
serially-ordered items, eye movements should also unveil the presence of primacy and recency 
effects. This should  be reflected by a greater involvement of overt attentional resources, i.e., larger 
eye movements, for the middle items. Indeed, since there is possible representational overlap 
between middle items (Henson, 1998b), the search and the retrieval of these elements would be 
more demanding, i.e., requiring more visuospatial attentional resources. Contrarily, the first and last 
items would represent respectively the leftmost and the rightmost endpoint of the spatial array and 
their search would, consequently, require less attentional orienting. Since serial order is represented 
along a horizontal plane (Abrahamse et al., 2014; see also Bonato et al., 2012), we hypothesized that 
accessing to such representation should be mediated mainly by horizontal eye movements. 
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Furthermore, according to recent findings (van Dijck et al., 2013; 2014), we also explored whether 
the recognition of the first element would induce a leftward overt attentional shift, while the 
recognition of the last element would induce a rightward shift.  
Finally, if serial information is spatially encoded in a left-to-right format, eye position during 
recall should correspondingly deviate the more to the right, the later the item position in the 
sequence. The systematic involvement of oculomotor mechanisms during sequence recall would 
support the hypothesis that serial order is grounded on visuospatial attention. Indeed, scattered 
evidence for the spatial representation of serial order was already collected by Harcum (1975). More 
recently, it has been inferred from a dichotomous response-setting, i.e., response time differences 
between left and right responses to memorized items (van Dijck & Fias, 2011), or from a 
dichotomous visual-setting (van Dijck et al., 2013; 2014), i.e., response time difference to lateral 
targets primed by memorized items. Yet, a possible left-to-right shift of eye position during recall 
would provide the first direct evidence that memorized items are ordered in a continuous space. 
 
2. Methods 
2.1 Participants 
 
Ten right-handed participants (7 women), aged between 26 and 37, participated in the study. 
Right handedness was established using the Edinburgh handedness test (Oldfield, 1971). None of the 
participants were on medication. The sample size (N =10) was based on normative sample sizes used 
in the literature on similar topics (Loetscher et al., 2008; Loetscher et al., 2010).  
 
2.2 Apparatus 
 
Stimuli were projected on a large screen (220x220 cm). Matlab software (Mathworks, Natick, 
MA; release 2008b) was used for programming, presentation of stimuli, and timing operations. Both 
verbal responses and eye movements were collected. The participants’ spoken responses were 
recorded from a microphone using LabVIEW software (National Instruments, Austin, Texas) and were 
synchronized offline with eye position. 
 
2.3 Eye tracking 
 
Horizontal and vertical eye movements were recorded at 220 Hz with a head-mounted video-
oculography (VOG) device (“EyeSeeCam”; Schneider, Dera, Bard, Bardins, Boening & Brand, 2005), 
consisting of swimming goggles with two mounted infrared cameras. A model of the eye rotation is 
7 
 
used by the VOG system to derive the horizontal eye position from the pupil position recorded in the 
coordinate system of the cameras. An additional offline calibration was performed to improve the 
accuracy. Eye position was calibrated at the beginning and midway through the experiment by asking 
subjects to look at a sequence of 5 fixation points (at 0° and -/+9.5° horizontally and vertically).  We 
then fitted a linear function to the fixation position (in camera coordinates) to the sine of the target 
eccentricity.  
 
2.4 Procedure and design 
 
Participants were seated comfortably at a viewing distance of approximately 70 cm from the 
large screen. They performed the three phases of the study with their head movements minimized 
through a chin rest. Participants were required to memorize a sequence of five digits in correct order, 
during a first phase (see Fig. 1 a). Following the presentation of the positive set, a 2s period elapsed, 
allowing rehearsal. In a second phase (“recognition”), all digits ranging from 1 to 10 were randomly 
presented twice. Participants were instructed to verbally say “Yes” or “No”, depending on whether 
the item presented did or did not belong to the memorized sequence (see Fig. 1 b). Finally, they were 
required to verbally repeat the memorized sequence (third phase, “recall”; see Fig. 1 c). Eighteen 
different sequences were presented in a counterbalanced order across participants. All blocks, in 
which the correct sequence was not correctly repeated in the recall phase, were presented once 
more at the end of the experiment, and these data were not entered in the analysis. Between each 
block, a short break of 30s was included, after which a new positive set was presented on the screen. 
The experiment signaled verbally the beginning of each block. Furthermore, a longer break of 300s 
was included after participants performed the first half of the blocks. Only correct responses to the 
memorized digits were analyzed. 
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Fig. 1. The three phases of the study: (a) the presentation of the sequence of five digits to be memorized in 
correct order; (b) the recognition phase, in which participants had to recognize whether the number presented 
belonged to the memorized sequence or not; (c) the recall phase, in which participants had to verbally repeat 
the memorized sequence.  
 
3. Results 
 
For each trial we computed both reaction times (RTs) and eye position (EP). RTs indicate the 
time elapsed between the onset of the digit presentation and the onset of the verbal response 
(recognition phase). EP was recorded in both the second and the third phase. Specifically, during the 
recognition phase, the change in EP was measured during the decision-making interval and was 
computed as the difference between the EP at the onset of the verbal response and EP at the onset 
of the digit presentation. During the recall phase, EP was registered at the onset of the verbal 
response (i.e., when each digit was pronounced). 
All the analyses were performed through linear mixed models (LMM). RTs or EP were used in 
different analyses as the dependent variable, including subject as a random factor. Serial position 
(SP: 1, 2, 3, 4, 5) was included as a fixed factor. We used the Linear Mixed Models program in SPSS 
21.0 to analyze the data. 
 
3.1 Recognition phase 
9 
 
 
During the recognition phase, only correct responses (96%) to the memorized digits were 
analyzed. Analyses were computed for 1) RTs, 2) absolute horizontal EP, 3) absolute vertical EP, 4) 
relative horizontal EP, and 5) relative vertical EP. Serial position (SP: 1, 2, 3, 4, 5) was included in all 
the analyses as a fixed factor1.  
 
3.1.1 Recognition phase: Reaction Times 
 
Only trials from WM sequences with an accurate recall in the third phase (on average, 16.5 of 
18 sequences) and correct positive trials (accuracy was 93% and 94% for the positive and negative 
set respectively) were considered in the analyses. The mean RT was 1019.5 ms (SD = 183). 
In the recognition task, a main effect of SP on RTs was found, F(4, 1518.11) = 3.96, p < .005. 
In particular, the first serial position was characterized by lower RTs (all ps < .05) indicating, overall, 
the presence of a primacy effect. Although not significant, results indicated a slight advantage for 
recognizing the item presented last in time (see Fig. 2a). Table 1 shows the fixed effects comparisons 
between the five levels of SP.  
 
 
 
Fig. 2. Results of the recognition phase. (a) shows the mean reaction times (RTs) for the five serial positions. 
Similarly, (b) and (c) show the mean change in absolute horizontal and vertical Eye Position (EP). Error bars 
indicate standard errors of the mean. 
 
 
 
 
 
 
                                                          
1 When the digits’ numerical magnitude (2; Small: 1-5; Large: 6-10) was included in the analyses, no significant main effect 
or interaction with SP was found to be significant.  
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Table 1. Fixed effects comparisons between the five levels of serial position (SP), for reaction times (RTs). 
Means (ms) and standard errors, in parentheses, are reported along the diagonal for each SP. Parameter 
estimates for fixed effects and t-test results are reported for all comparisons.  
 
 
RTs SP 1 SP 2 SP 3 SP 4 SP 5 
 
SP 1 
 
 
M = 975 
(13.8) 
 
 
b = .057 
t 1518.02 = 3.08 
p < .005 
[.021; .095] 
 
b = .065 
t 1518.05 = 3.47 
p < .002 
[.028; .102] 
 
b = .057 
t 1518.09 = 3.09 
p < .005 
[.021; .094] 
 
b = .044 
t 1518.17 = 2.3 
p < .02 
[.007; .081] 
 
SP 2 
 
 
 
 
M = 1033 
(15.3) 
 
 
b = .007 
t 1518.07 = .37 
p = .7 
[-.03; .044] 
 
b = -.0005 
t 1518.04 = .025 
p = .98 
[-.037; .036] 
 
b = -.015 
t 1518.09 = -.74 
p = .45 
[-.052; .024] 
 
SP 3 
 
 
 
 
 
 
M = 1040 
(14.7) 
 
 
b = -.008 
t 1518.09 = -.4 
p = .69 
[-.044; .029] 
 
b = -.021 
t 1518.26 = -1.1 
p = .27 
[-.059; .016] 
 
SP 4 
  
 
 
   
M = 1037 
(14.7) 
 
 
b = -.014 
t 1518.18 = -.72 
p = .47 
[-.051; .024] 
 
SP 5 
 
 
 
 
 
 
 
  
M = 1013 
(13.5) 
 
 
 
3.1.2 Recognition phase: Absolute Eye Position 
  
Congruent with our hypothesis, a main effect of SP characterized the absolute change in 
horizontal EP, F(4, 1518.13) = 6.17, p < .002 (see Fig. 2b). Specifically, the middle item was 
characterized by higher absolute values of horizontal EP than all the other items (all ps < .03), except 
for the second one (p = .63). Critically, the first and the last items, were significantly different from 
the others (all ps < .005), except for the fourth, showing again the presence of primacy and recency 
effects. Table 2 shows the fixed effects comparisons between the five levels of SP. This pattern of 
results indicates less involvement of overt attentional resources for the first and the last serially-
presented items. Finally, analysis on the absolute vertical EP did not show any significant effect of SP, 
F(4, 1518.1) = 1.96, p = .1 (see Fig. 2c).  
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Table 2. Fixed effects comparisons between the five levels of serial position (SP) for the absolute change in 
horizontal Eye Position (EP). Means (°) and standard errors, in parentheses, are reported along the diagonal for 
each SP. Parameter estimates for fixed effects and t-test results are reported for all comparisons. 
 
° visual angle SP 1 SP 2 SP 3 SP 4 SP 5 
 
SP 1 
 
 
M = .36 
(.02) 
 
 
b = -.132 
t 1518.02 = 3.13 
p < .005 
[.049; .214] 
 
b = .152 
t 1518.06 = 3.63 
p < .001 
[.069; .234] 
 
b = .025 
t 1518.12 = .61 
p = .54 
[-.056; .106] 
 
b = -.001 
t 1518.23 = -.02 
p = .99 
[-.083; .082] 
 
SP 2 
 
 
 
 
M = .49 
(.04) 
 
 
b = .02 
t 1518.09 = .48 
p = .63 
[-.063; .104] 
 
b = -.106 
t 1518.04 = -2.53 
p < .02 
[-.189; -.024] 
 
b= -.132 
t 1518.11 = -3.09 
p < .005 
[.-216; -.048] 
 
SP 3 
 
 
 
 
 
M = .52 
(.04) 
 
 
b = -.127 
t 1518.12 = -3.03 
p < .005 
[-.209; -.045] 
 
b = -.153 
t 1518.35 = -3.58 
p < .001 
[-.236; -.069] 
 
SP 4 
 
 
 
   
M = .39 
(.03) 
 
 
b = -.026 
t 1518.24 = -.62 
p = .54 
[-.109; .057] 
 
SP 5 
 
 
 
 
 
 
 
  
M = .35 
(.02) 
 
 
3.1.3 Recognition phase: Relative Eye Position 
 
Analysis on the relative values of horizontal EP, F (4, 1518.26) = 1.26, p = .28, and vertical EP, 
F (4, 1518.08) = .55, p = .7.,  did not show any significant effect of SP. 
 
3.2 Recall phase 
 
In the recall task, SP was entered in the analysis as a fixed factor2.  
 
3.2.1 Recall phase: Eye Position 
 
The analysis on horizontal EP revealed a significant effect of SP, F (4, 905.99) = 8.3, p < .001. 
Since the significant effect indicated the presence of a left-to-right shift of EP, SP was subsequently 
                                                          
2 As for the recognition phase, when the digits’ numerical magnitude (2; Small: 1-5; Large: 6-10) was entered in the 
analyses, neither the main effect nor the interaction with SP were found to be significant.  
12 
 
entered in another analysis as a covariate3. Consistent with the driving hypothesis, the main effect of 
SP as a covariate on the horizontal EP,  F (4, 908.99) = 31.46, p < .001, indicated a left-to-right shift of 
EP with increasing serial position, b = .75, SE = .13, p < .001 [.49; 1] (see Fig. 3a).  
Conversely, analysis on the vertical EP did not evidence any consistent effect of SP, included 
as a fixed factor, F(4, 906.03) = .482, p = .75 (see Fig. 3b).  
 
 
 
Fig. 3. Results of the recall phase. (a) shows the horizontal Eye Position mean (°) for the five serial positions. 
Similarly, (b) shows the vertical Eye Position mean (°) for the five serial positions. Error bars indicate standard 
errors of the mean.  
 
4. Discussion  
 
The present study investigated whether serial order processing exploits overt visuospatial 
attentional resources, since recent evidence has suggested that serial order would be grounded on  
the spatial attention system (Abrahamse et al., 2014). Accordingly, we found that overt spatial 
attention orients the scanning of serially-ordered verbal items. The reported systematic involvement 
of ocular strategies in a pure verbal task may have far-reaching implications for different areas of 
cognitive science, since understanding the temporal order of events is fundamental to building 
memories and, more generally, to learning (Baddeley, 2012; Lashley, 1951). 
First, the present findings reveal the role of the oculomotor system in exposing the link 
between space and serial order in WM: searching for and retrieving ordered information is found to 
be mirrored by spontaneous horizontal eye movements. In particular, recognizing central items of a 
memorized ordered sequence required longer inspection times and, critically, a greater involvement 
of overt attentional resources, than recognizing the first presented item. Conversely, the retrieval of 
the serially first item was characterized by lower reaction times and by less involvement of overt 
                                                          
3 SP was considered in the analysis as a covariate to better describe a directional shift of EP.  
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attentional resources, disclosing primacy effect also in oculomotor-related processes. A similar 
pattern also characterized the last item. Moreover, the results of the recall task show that serial 
order is encoded from left-to-right, since eye position deviated the more to the right, the later the 
serial position in the sequence. While previous findings (van Dijck et al., 2013; 2014) reported a 
critical role of covert visuospatial attention in mediating space-serial order interactions in a probe 
recognition-task, these results show that the access to ordered information recruits overt shifts of 
spatial attention in both recognition and recall. Such spontaneous changes in eye position can be 
considered as an overt behavioral sign of moving along a spatial representation of ordered 
information. More widely, these findings supports the view of working memory as an interface 
between internal attention and external attention (Chun, Golomb & Turk-Browne, 2011). 
 A recent account proposed that the left-to-right orientation of the serial representation 
would be grounded on consolidated directional routines and, more specifically, on reading habits 
(Abrahamse et al., 2014). The reading and writing strategies are governed by strict rules that orients 
the oculomotor system in an ordered fashion, through both space and time. Such routines would be, 
in turn, exploited to scan the external space (Rinaldi et al., 2014) and would also strongly bias the 
directionality of spatiotemporal schemas (Tversky, Kugelmass & Winter, 1991). In the present study, 
the pattern of results found in the recall phase, with eye positions shifting from left-to-right with 
increasing serial position, offers support to this view, suggesting a critical influence of directional 
practices. However, only future studies comparing left-to-right and right-to-left readers, will establish 
the real impact of these cultural practices. They might also shed light on the potential primacy of a 
left-to-right attentional orienting in both animals and humans (Rugani et al., 2015; Brugger, 2015). 
While a clear-cut left-to-right encoding characterized the eye position during recall of the 
memorized sequence, no similar spatial indexes emerged in the probe-recognition phase. Although 
apparently in contrast with previous reports (van Dijck & Fias, 2011; van Dijck et al., 2013; 2014), 
differences between studies may be rather informative. First, in the present study we observed a 
primacy effect and a non-significant trend for recency (e.g., Burrows & Okada, 1971; Corballis, 1967; 
Corballis et al., 1972), contrarily to a linear increase of reaction time with serial position (e.g., van 
Dijck & Fias, 2011). While this pattern might have been determined by some experimental details, 
such as the instruction to recall the exact order of digits (see Corballis, 1967), it can also indicate that 
participants adopted a self-terminating scan, rather than a full serial scanning strategy (see McElree 
& Dosher, 1989). Indeed, evidence suggesting that the final element in a sequence might be directly 
accessible in memory is not missing (Morra, Calvini & Bracco, 2009). This, in turn, can explain the 
absence of a left-to-right eye shift during the probe recognition phase. Second, in the present study 
participants were constantly required to maintain fixation before stimulus presentation, in both 
phases 1 and 2. This requirement might have constrained the degree of freedom of eye movements, 
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minimizing overt scanning. Consistent with this explanation, a forced fixation during retrieval is 
known to be associated with a reduced episodic memory performance (Johansson & Johansson, 
2014; Laeng & Teodorescu, 2002). Future studies, possibly comparing visual to auditory presentation, 
are needed to better explore this possibility and to disclose further potential differences between 
covert and overt attentional mechanisms during serial processing.  
The issue of serial order representation has a long history in psychology, with different 
accounts that have been proposed over the years (see for a review, Hurlstone, Hitch & Baddeley, 
2014). Although associative chaining was the oldest and most popular approach to serial order, its 
limits in explaining several findings justified the development of several alternatives (Hurlstone et al., 
2014). Among the most recent theories, general agreement converges on the Start-End Model 
(Henson, 1998b), according to which items at the beginning and at the end of the serial sequence 
possess more distinctive position markers than items in middle of the sequence. Interestingly, one 
signature of this model is to envisage serial order in analogy with space. Elements of the memorized 
sequence, indeed, might be conceived as arranged on a horizontal array. Accordingly, in the present 
study, the facilitation in recognizing first and last elements was accompanied by less involvement of 
overt attentional resources. Since the first and last elements are associated to the most distinctive 
markers, these findings uncover the functioning of the mind’s eye during serial processing. 
Furthermore, the left-to-right shift of eye position during recall provides empirical evidence for a 
representation of serial order on positional coordinates anchored along the horizontal dimension of 
space (cf. also Harcum, 1975).  
More generally, the present study highlights the role of visual scanning in verbal memory 
processing. Indeed, visuospatial strategies can be often adopted to solve pure verbal tasks 
(Robertson, 1990; Weinberg et al., 1972). In particular, representing visually the memorized ordered 
sequence might be a helpful strategy to store and manipulate the ordered information. Accordingly, 
a critical role of visual-imagery strategies in verbal memory processing has been suggested (Gerton, 
Brown, Meyer-Lindenberg, Kohn, Holt, Olsen & Berman, 2004). For example, people may adopt a 
spatial strategy to represent text meaning (Bower & Morrow, 1990), with eye movements exploited 
to explore this mental memory (Spivey & Geng, 2001). Rather than just mirroring the internal 
scanning, the recruitment of oculomotor strategies during mental imagery is conceived as functional 
and even essential to memory retrieval (Hebb, 1968; Laeng & Teodorescu, 2002). For instance, 
insight is improved when attention is shifted through space congruently to a problem’s solution 
(Thomas & Lleras, 2007; 2009). The present findings support these suggestions by showing that 
verbal memory tasks are approached through systematic overt visuospatial strategies. In particular, 
participants might have adopted spatial schemas to represent the serial sequence, with eye 
movements that were used to connect elements of the internal representation with respect to the 
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external world. Thus, coordinates of the internal space might have been fixed to external coordinates 
to provide the ground for the serial representation.  
Of clinical relevance, by demonstrating the role of the oculomotor system in mediating 
space-time interactions, the present results provide insights into eye-movement-based therapies 
hitherto used in psychiatry, even though controversially discussed (Davidson & Parker, 2001; 
Herbert, Lilienfeld, Lohr, Montgomery, O'Donohue, Rosen & Tolin, 2000). In particular, in these 
therapies horizontal eye movements would favour the recall of memories by taxing WM, a system 
partially responsible for vividness and emotionality of aversive memories (Andrade, Kavanagh & 
Baddeley, 1997; Baddeley & Andrade, 2000; Gunter & Bodner, 2008; Lee & Cuijpers, 2013; Shapiro, 
1989). In the present study, memory processing was found to be mediated by eye movements, with 
greater involvement of oculomotor resources in recalling the centrally-positioned, “hidden” (Henson, 
1998b), elements. Thus, eye movements per se may act as a helpful tool for an active search in 
memory (see Johansson & Johansson, 2014). In particular, the overt visuospatial attention 
mechanisms reported here may well hold for extracting both newly learned and overlearned 
temporal information, as autobiographical memories (see Hartmann, Martarelli, Mast & Stocker, 
2014). Although so far speculative, facilitation of eye movements during serial order and temporal 
processing might be substantiated by future research.  
In conclusion, we showed that eye movements mediate the search and the retrieval of 
ordered verbal information, disclosing that space-time association relies on spatial attention. 
Working memory has been recognized as the workspace where relational representations are 
assembled together (Halford, Wilson & Phillips, 2010). The present study brings further support to 
this view and, more generally, to the idea that visuospatial attention orients the mind’s eye through 
spatiotemporal representations. Whether the retrieval of emotional memories similarly involves 
automatic oculomotor behavior is a challenging question with considerable importance for clinical 
psychiatry.  
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